Abstract. Left Ventricular Assist Devices (LVAD) have received renewed interest as a bridge-to-transplantation as well as a bridge-to-recovery device. Ironically, reports of malfunction and complications have hindered the growth of this device. In particular, the main concern is LVAD's susceptibility to excessive backlash and suction as a result of ows that are either too low or high, respectively. This study utilizes a wellestablished physiological model of the cardiovascular system as a reliable platform to study a proposed adaptive robust controller for a rotary motor based LVAD which overcomes such shortcomings. Proposed controller performance is evaluated by comparing simulated natural heart model with LVAD assisted diseased heart in various states, extending from 60 to 130 beats per minute (bpm). Simulation results of the proposed LVAD controller show that for heart rate of 75 bpm, systolic and diastolic blood pressures are 112 18 mmHg and 73 16 mmHg, respectively. Furthermore, for the light exercise condition of 130 bpm, systolic and diastolic blood pressures increase to 155 19 mmHg and 96 14 mmHg, respectively. These results closely match natural heart clinical measurements, con rming proposed LVAD model and its adaptive robust controller to be a possible solution to current issues confronting the LVAD drives.
Introduction
Left Ventricular Assist Device has been in operation since mid-1960s. In VAD implementation, unlike heart transplant and arti cial heart, ventricles are kept in their entirety. The more recent rotary type of VADs introduced to clinical practice is becoming smaller and more e cient [1] [2] [3] [4] [5] .
When a patient becomes more active, the cardiac activity exceeds its normal range and VAD operation must adjust to its speci c physiologically dictated demand. One of the major de ciencies of VAD is its tendency to produce blood clots. As a result, there rotary motor speed is too low, blood ow cannot be e ectively pumped out of the heart and a backlash occurs in the respective ventricle. On the other hand, with higher rotational speeds, LVAD tries to pump more blood and may cause a phenomenon known as suction which results in collapse of the respective heart reservoir [11] .
To prevent the suction action, VAD's operational speed must be adjusted. This control strategy is pertinent to speci c pump and may cause overperfusion [12] . Due to the di culty to detect the excessive perfusion and danger-of-suction region, e orts have been focused on suction avoidance algorithms. Chen et al. [13] showed that the gradient of LVAD ow in diastole reaches minimum with respect to pump speed when suction occurs. Other researchers studied the functionality of various controllers and compared their performances [14, 15] . Parnis et al. [16] used a P controller for the Jarvik 2000 VAD. Rotational speed of the VAD was set as a linear function of the heart rate. Treadmill exercise and heart pacing studies were performed on a calf with the Jarvik 2000 VAD and no deleterious e ects were detected during experiments. However, since the experiment was not extended to low and high ows, such a linear interpolation was not validated for an appropriate spectrum of LVAD operation. Waters et al. [17] designed a PI controller for an LVAD using pump head of LVAD as the feedback signal. In the study reported by Fu and Xu [18] , the beating of the natural left ventricle was modeled as a sinusoidal disturbance to the LVAD, and a fuzzy controller was employed to regulate the LVAD ow to track a desired ow rate. The LVAD ow rate was estimated from the motor current and rotational speed, and the desired LVAD ow rate was assumed proportional to the heart rate. However, this assumption ignored the in uence of heart contractility, and most importantly, the e ect of the peripheral circulation on the desired ow rate.
Choi et al. [19] implemented a PI type fuzzy controller to realize a LVAD pump ow rate pulsatility tracking. A reference pulsatility signal of 15 mL/sec was selected to allow the natural heart to produce sufcient stroke volume while avoiding ventricular suction. The LVAD pump ow rate was estimated from the motor current and rotational speed. Simulation results showed that the control signal for this fuzzy controller produced a much smaller parameter variation in the LVAD speed than the PI controller. However, the constant setting of the reference pulsatility signal utilized in this study is questionable since patient's natural ventricle dynamism in a long-term period may dictate a di erent reference signal. Giridharan and Skliar [20] designed an optimal controller with the structure of a PI controller to minimize some prede ned penalty functions. The timevarying coe cients of the PI controller were obtained from o ine, exhaustive numerical searches to minimize a weighting function, which was the combination of pump head or di erential pressure between pulmonary vein and aorta and the variation rate of the rotational speed. However, it is not evident that dynamic and physical cardiovascular conditions can be adequately represented through such numerical practices; therefore, the optimality of this controller may not be guaranteed.
During the past decade, the H1 control scheme has been widely celebrated for its robustness in counteracting uncertainty perturbations and external disturbances [21, 22] . As a consequence, such controllers were implemented for DC motors, switching converters, aircrafts, and PM synchronous motors [15, 23, 24] .
A promising alternative to deal with perturbations and large parametric uncertainty is to use an adaptive control for which controller parameters are tuned as a function of some observed system variables. Motivated by this idea, it may be advantageous to synthesize a robust controller by considering parametertunable feedback law in order to achieve a prescribed H1-norm corresponding to some desired stability and tracking performance requirement.
Electromotor based LVAD modeled in this study has a nominal speed of 1450 rpm and power of 20 watts suitable for an acceptable range of cardiac output, namely 60, 75, 90, and 130 bpm [6, 7, 9, 10, 14, 15] . Obviously, such a selection of cardiac output range is dictated by the nature of utilized rotary motor based LVAD device and operational expectancy of an LVAD assisted heart. This study utilizes a robust adaptive controller for a rotational motor system under both parameter uncertainties and external load disturbance. We will illustrate that the proposed scheme is capable of tracking both step and sinusoidal commands and able to counteract external load disturbances. Here, step and sinusoidal commands resemble sudden and soft reference signals, respectively, issued to the LVAD controller. Since CV systems are inherently nonlinear, the derivation of the proposed controller rely on nonlinear H1 control theory. By choosing a quadratic storage function, the solution of the adaptive H1 problem is built on a simple structure, suitable for digital realization. To demonstrate the functionality of the adaptive controller, and thereby the parameter tuner in counteracting large parameter variations and external disturbance, the simulated results are provided with and without the parameter tuner of the adaptive H1 controller [25] .
To verify the suitability of LVAD, one must integrate its model with an acceptable blood circulation model. Pressure-Volume (PV) models divide the circulation system into a series of elastic chambers and modules. Each elastic module models a section such as the ventricle, atria, or aorta with uniquely described PV relationship [26] . Only a minimal number of parameters, such as chamber elasticity and arterial resistance, are required to create such models. Distributive PV models provide a detailed account of various functionalities of the CV system. The model drastically improves regional and behavioral accuracy based on subsystem modules by predicting inter-coupling variables and omitting unnecessary functionalities. The CV system being a collection of several organs and subsystems may then be collectively studied [27] [28] [29] .
In the methodology section, initially, an electromechanical model of the CV system under normal condition is introduced. Next, the electromechanical model is expanded to include LVAD, followed by the derivation for the H1 controller. In the results section, the PV loop of the proposed LVAD system and controller simulation are provided. Finally, to verify the appropriate functionality of LVAD system, it is faired against corresponding simulated and clinical CV systems.
Methodology 2.1. Electromechanical model of the CV system
As a prerequisite to the controller study depicted in this work, an electrical distributed model is proposed to represent the functionality of the human CV system in a normal condition. The presented hydraulic electric analogy distributed model is arranged to model the vessels and organs of interest. Here R, L, and C represent physiological entities of vascular resistance, inertia of the blood, and vascular compliance, respectively. And, the model is formed through a series of single blocks, which ultimately represents the entire CV system. Both the single blocks and resulting distributed model of normal heart and CV system are introduced as an appendix at the end of this manuscript [24, 25] .
LVAD electromechanical model
LVAD pump is an electro-mechanical device that is driven by a rotary motor. The aim is to have the inertia load seated on the rotor shaft, closely track the speci ed motion speed. Figure 2 depicts the selected model for the LVAD, utilized in this work. Here, R iLVAD is the input resistance of the pump, L iLVAD input inertia of the pump, R oLVAD output resistance of the pump, L oLVAD output inertia of the pump, and R suction a resistance for suction. As evident, a linear model for the pump resistance is assumed throughout this study. Furthermore, the LVADP block represents pump process and describes the relation between blood pressure, blood ow, and rotational speed of the motor as:
where P is the di erence between input and output pressures of the pump, q is blood ow in the pump, ! is rotational speed of the pump and b, j, and k are the coe cients to be estimated. For the electromotor, the following relation between voltage variation and electrical current may be de ned:
where I a is the motor current, V (s) is electrical voltage di erences between input and induction voltages of motor, R m is electrical resistance of motor winding, and L m is the electrical inductance of motor winding. A systemic depiction of relation between rotational speed and mechanical torque is given as:
where m (s) is the rotational speed in Laplace form of !, T is the mechanical torque, B is a combination of damping coe cient and friction, J is the inertial component, and a and b are simply substituting B=J and 1=J, respectively. The electromagnetic torque is given by:
For electromotor, a relation between rotational speed and input voltage is de ned as:
where G M (s) is transfer function of motor, V i (s) is electrical input voltage of motor, K t is torque coecient of the motor, and K e is electrical coe cient of the motor [6, 7, 9, 10, 14, 15, 30] .
H1 controller derivation
Much like the approach given in [25] , one needs to o set the variation in physical parameters and known disturbances through the usage of an adaptive control scheme. The proposed tracking controller utilizes an H1 approach as depicted in Figure 1 . The proposed scheme considers an appropriate feedback controller such that the closed loop system is internally stable. This approach is based on the robust adaptive control of the closed-loop transfer function.
To implement this scheme, the LVAD rotational speed problem must be formulated into an equivalent H1 control problem in which robust performance requirements are expressed in terms of H1-norm constraints on the tracking error dynamics. The dynamic equation of the LPM drive system can be represented as:
where ! is the rotational speed of LVAD pump, and v i is electrical input voltage of motor and represents an electrical voltage command. The tracking error vector is de ned by:
where e is the tracking error of rotor angular position, m and ! m represent the desired rotor angular position and rotational speed, respectively. To establish the uncertainty of the plant parameters J and B, their estimates, namelyĴ andB, are introduced which suggest:
as their governing matrices. In order to obtain the dynamic tracking error for arbitrary input command, a preliminary feed-forward term is applied:
where K e = [k 1 k 2 ], k 1 and k 2 are arbitrary positive constants, and v is a loop control variable. The rest of this work, including error dynamics, parameter-tunable controller, de nition of the constraints, and proof of stability of the adaptive robust controller, has been fully discussed in [25, [28] [29] [30] [31] [32] [33] . Figure 2 represents the proposed functional model of the CV system integrated with the previously described LVAD model. To recall, LVAD is modeled through ve elements, depicting blood viscosity and inertia, namely R iLVAD , L iLVAD , R oLVAD , L oLVAD , and R suction , and one block representing the pump structure. The rest of the system is presented based on the previously introduced PV model and appropriate RLC parameter estimations per Recursive Least Square Algorithm (RLS).
LVAD integration in distributed CV model

Results and discussion
Simulation is carried out using responses for three cycles of step and sinusoidal position commands. Reference model is chosen as a third-order transfer function of the form [36] : 
To solve the Riccati equation in [25] , with a minimum value of , being 0.1211, P is given as: P = 
and: To demonstrate the usefulness of the parameter tuner in counteracting large parameter variations and external load disturbances, the condition with no active tuner is also presented. This is the case that the tuning parametersĴ andB of the feedback law in Eq. (9) are substituted by the xed nominal parameters of the motor, namely J and B noted above. This controller will be referred to as the non-adaptive H1 controller.
The waveforms of the rotational speed for the non-adaptive and adaptive H1 control schemes in Cases I through III are depicted in Figure 3 (Ia) through 3(IIIa) for step speed input, and Figure 3 (Ic) through 3(IIIc) for sinusoidal speed input and their associated control e orts are depicted in Figures 3(Ib) through 3(IIIb) and 3(Id) through 3(IIId), respectively. It illustrates that rotational speed for the proposed adaptive system is soundly improved providing a rapid trace of the sinusoidal speed command. Furthermore, the control e ort (motor current) is appropriately reduced for the proposed adaptive control.
In the proposed adaptive controller, the initial controller parameters are set toĴ = J andB = B for all the previously described cases. For the rotational speed step command, both non-adaptive and adaptive schemes yield zero steady-state tracking errors. This is due to the insertion of an integral action in the controller block. However, it can be seen that the transient performance of the non-adaptive H1 control system in Cases II and III (i.e., under parametric variation and external force disturbance) is inferior to the adaptive case. It is observed that the non-adaptive method requires a larger control e ort. This clearly demonstrates the salient performance of the adaptive H1 controller in both rotational speed command and external force regulation.
In view of Figure 3 , there exists a tracking error during the transient and steady state in the nonadaptive case, for which the controller parametersĴ andB are xed at their nominal values. However, in the adaptive case, the controller is able to tunê J andB controller parameters, in e ect, producing enough control e ort to reduce the tracking error. Thus, Figures 3(IIIa) and 3(IIIc) clearly depict that the tracking error for the adaptive scheme is vanished. This demonstrates the e ectiveness of the proposed adaptive scheme in counteracting large uncertainties and variations in the plant.
On the other hand, it is observed that the initial control e orts shown in Figures 3(Ib) through 3(IIIb) and 3(Id) through 3(IIId) are much less than those of the non-adaptive strategy. In tracking the sinusoidal waveform, a sudden change in command occurs at the start-up, which induces a large tracking error in rotational speed. This leads to a quite large initial control e ort in the non-adaptive case as shown in Figures 3 (Ib) through 3(IIIb) and 3(Id) through 3(IIId).
On the contrary, the adaptive controller does not give rise to such a demanding initial control e ort. This is because, based on [25] , the adaptation rates are related to both rotational speed error and its derivative, which can provide suitable tuning on the controller parametersĴ andB; therefore, preventing the control e ort from becoming unnecessarily large at the start-up. These results demonstrate that the proposed adaptive H1 control method performs much better than the non-adaptive scheme.
For clinical studies, patients were in a relaxed supine position. The range for age and weight of patients were 38 14:5 years and 73:2 15:7 kg, respectively. Six subjects ranging from the age of 42 to 64 years were asked to climb the treadmill. This information was further used as seeds for the simulation studies. The sampling interval for the simulation run was set at 0.5 ms.
To evaluate the operation of the LVAD system, the circulation model of Figure 2 was simulated for 10 normal subjects. Initially, using our previously introduced model, simulation was conducted for the normal CV system with a natural heart in place. In this model, in addition to the essential normal blood circulation parameters which include such parameters as left ventricle pressure and volume, CV parameters deduced from estimated RLC values were utilized [22] .
Next, by substituting the LVAD for the natural heart model and utilizing RLC values for the vasculature per functional model of Figure 2 , we were able to simulate the output parameters of interest. To compare natural heart functionality versus LVAD in normal physiological condition, Figure 5 depicts typical PV loops for 4 cases of lower limit rest to upper limit or light exercise (active load) conditions for normal versus LVAD heart. Speci cally, Figures 5(a) , (b), (c), and (d) show the PV loops for a lower limit rest condition of 60 bpm, normal rest state of 75 bpm, high end of rest condition at 90 bpm, and upper limit or light exercise state of 130 bpm, respectively. Table 1 depicts the accumulated comparative results for clinical and simulated CV for natural heart, and adaptive H1 controlled LVAD for normal physiological condition. As shown, LVAD EF% is well within the acceptable range, attesting that LVAD has successfully and e ectively revived the functionality of the left ventricle.
To evaluate the operation of the LVAD system, the system was simulated for both normal and excessive loads. The load on the pump is increased when the patient is engaged in an excessive activity such as climbing the stairs or walking uphill. The subjects were asked to continue with the exercise for 10 minutes or until their diastolic pressure exceeds 100 mmHg. The resulting upper bound for their heart rates was averaged at 132 11 (mean SD) bpm. Based on clinical data, LVAD systemic parameters were initially adjusted for a normal rate (motor pulse) of 75 beats per minute (bpm), increased to upper limit or active load case of 130 bpm.
As heart rate and vascular resistance are changed, systolic and diastolic blood pressures are varied accordingly. Such a variation causes systolic and diastolic blood pressures to increase to a maximum of 155 19 and 96 14 mmHg, respectively. Table 2 depicts the accumulated comparative results for clinical normal physiological condition and adaptive H1 controlled LVAD for active load cases. Table 3 describes the relation between rotational speed of electromotor and LVAD beat and CO of the CV system with LVAD in place. These parameters depict the operational relationship between mechanical speed and physiological state of interest.
Conclusion
Simulation of the proposed LVAD robust adaptive control shows ow behavior with less stress variation and recirculation, thereby suggesting reduction of the possibility of blood clot formation and reducing the risk of hemolysis and suction of the left ventricular reservoir. Unlike common H1 control design practices, the control scheme presented here introduced a feed-forward approach to achieve suitable tracking of sinusoidal and step commands. It was concluded that even under considerable parameter variations and external disturbances, the proposed adaptive robust control scheme improved the tracking performance when compared with non-adaptive robust design. With LVAD in place and as system load was increased from the 60 to 130 bpm, systolic and diastolic pressures and PV loops closely resembled similar simulated and measured values of the normal heart. 
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